A high-speed ͑47,000 A-scans/ s͒, ultrahigh axial resolution Fourier domain optical coherence tomography (OCT) system for retinal imaging at ϳ1060 nm, based on a 1024 pixel linear array, 47 kHz readout rate InGaAs camera is presented. When interfaced with a custom superluminescent diode ( c = 1020 nm, ⌬ = 108 nm, P out =9 mW), the system provides 3.3 m axial OCT resolution at the surface of biological tissue, ϳ4.5 m in vivo in rat retina, ϳ5.7 m in vivo in human retina, and 110 dB sensitivity for 870 W incident power and 21 s integration time. Here we present the first, to our knowledge, FD-OCT system, operating in the 1060 nm wavelength range, that combines high image-acquisition speed ͑47,000 A-scans/ s͒ and ultrahigh axial resolution of ϳ4.5 m in vivo in rat retina and ϳ5.7 m in vivo in human retina.
Retinal imaging with optical coherence tomography (OCT) at wavelengths Ͼ900 nm offers multiple advantages, such as improved penetration in the choroid [1, 2] , noninvasive probing of retinal function [3] [4] [5] , and reduced susceptibility of ultrahigh resolution-OCT (UHROCT) images to water dispersion. Designing high-speed, ophthalmic UHROCT systems for the 1060 nm wavelength range is challenging owing to the limited choice of suitable, commercially available light sources and detectors. Until recently the data-transfer rate of the only commercially available 1024 pixel linear array InGaAs camera was limited to ϳ4,300 lines/ s, and the highest reported Fourier-domain OCT (FD-OCT) axial resolution at ϳ1060 nm was 7 m [1] . High-speed ͑236,000 A-scans/ s͒ OCT retinal imaging at 1060 nm was achieved with a swept-source OCT system [6] ; however, the achieved axial resolution and sensitivity were limited to 15 m and 91 dB, respectively.
Here we present the first, to our knowledge, FD-OCT system, operating in the 1060 nm wavelength range, that combines high image-acquisition speed ͑47,000 A-scans/ s͒ and ultrahigh axial resolution of ϳ4.5 m in vivo in rat retina and ϳ5.7 m in vivo in human retina.
A schematic of the FD-OCT system is presented in Fig. 1 . The output of a custom-built broad-bandwidth superluminescent diode (SLD; Superlum Ltd., c = 1020 nm, ⌬ = 108 nm, and P out = 9 mW) is interfaced to a compact, fiber-based FD-OCT system. A fiber-optic isolator is used at the input to minimize back-reflections to the SLD. A broad-bandwidth, 30/ 70 fiber coupler (Gould Fiberoptics) is used as the core of the FD-OCT system. The reference arm of the system comprises an achromatic collimator ͑f =10 mm͒, a tunable dispersion compensation unit (a pair of BK7 prisms), a focusing achromatic lens ͑f =10 mm͒, and an Ag mirror mounted on a translation stage. The sample arm of the FD-OCT system is interfaced to a modified slitlamp biomicroscope. The interference signal is detected with a customdesigned spectrometer (P&P Optica), interfaced to a novel 1024 pixel linear array InGaAs camera (SUI, Goodrich Corp.) with 47 kHz readout rate. The spec- Fig. 1 . Schematic of the ultrahigh-resolution FD-OCT system: CL, collimating lenses; DC, dispersion compensation unit; NDF, neutral-density filters; FOI, fiber-optic isolator; M, mirror; PC, polarization controllers; SLD, superluminescent diode; TS, translation stage. The spectrometer consists of a collimating lens (CL), a volumetric diffraction grating (DG), a focusing lens (FL), and a high-speed InGaAs CCD camera.
trometer provides average absolute grating efficiency Ͼ80% over the 940-1120 nm range, and 0.18 nm spectral resolution. The data-processing algorithm includes wavelength to frequency conversion, interpolation, zero padding, discrete fast Fourier transform (FFT) and numerical dispersion compensation, as described in [7] . The acquired FD-OCT tomograms were further processed with a novel Fuzzy type II wavelet speckle noise-reduction algorithm [8] , which results in ϳ7 dB signal-to-noise-ratio gain and very good edge preservation.
To evaluate the optical transfer function of the FD-OCT system, the direct-output SLD spectrum [ Fig. 2(a) , dashed curve], and the spectrum at the output of the FD-OCT system [ Fig. 2(a) , solid curve] were measured with the spectrometer. The results show slight preferential attenuation of the SLD spectrum at shorter wavelengths, partially owing to wavelength-dependent attenuation in the fiber coupler, as well as chromatic aberrations in the optics and polarization-sensitive losses in the fiber optics. As a result, the spectral valley at 980 nm drops close to the 3 dB level. For measurements in air, or clear media with wavelength independent absorption, the FD-OCT system throughput can be optimized to the full spectral bandwidth of 108 nm, which results in 4.3 m (expected) and 4.5 m (measured) axial resolution in air corresponding to 3.3 m in biological tissue. A representative axial point-spread function (PSF), acquired in air from an Ag mirror, is shown in Fig. 2(b) . The small difference between the calculated and measured axial OCT resolution is most likely due to chromatic aberrations in the optics and finite pixel size of the CCD array. This is the second-best axial OCT resolution achieved in the 1060 nm wavelength region. Previously 4 m axial resolution in air was reported for a time-domain OCT system interfaced to a supercontinuum-based light source [9] . The loss of fringe visibility at the edges of the scanning range results in further degradation of the axial OCT resolution from 4.5 m at the zero delay to 5 m at 1.1 mm imaging depth.
Since the shape of the SLD spectrum is susceptible to wavelength-dependent water absorption and scattering in biological tissue, its effective bandwidth in biological media is reduced, and the central wavelength is shifted to longer wavelengths, which results in broadening of the FD-OCT PSF function. We have simulated the effect of water absorption for variable thickness d of a water layer that approximates ex vivo imaging of excised tissue samples submerged in saline ͑d =1 mm͒, as well as the approximate water content of rat ͑d =5 mm͒ and human ͑d =25 mm͒ eye. The model uses Beer-Lambert law to calculate the change
in the intensity of a polychromatic optical beam from I 0 ͑͒ to I͑͒, as the beam makes propagates through a water layer with physical thickness d and wavelength dependent absorption a ͑͒. The factor of 2 denotes a double pass though the water layer for reflection measurements. For our model we used the water-absorption data published in [10, 11] . The simulation results presented in Fig. 2(c) show no significant change in the axial resolution for the case of ex vivo imaging of tissue samples. However 36% to 72% reduction in the FD-OCT axial resolution is expected for the cases of in vivo imaging of rat and human eye, respectively, resulting from wavelengthdependent water absorption in the cornea, lens, and vitreous. Results from the model were confirmed experimentally by inserting 5-mm-and 25-mm-long water cells in the sample arm of the FD-OCT system and measuring the coherence function from a mirror reflection. The FD-OCT resolution measurements were performed at a speed of 47,000 A-scans/ s with 14 s exposure time and 47 kHz readout rate. Maximum sensitivity of 110 dB was achieved for 870 W optical power incident on the mirror at zero delay, while the sensitivity dropped by about 10 dB at the end of the 1.1 mm scanning range of the system. This degradation is associated with loss of fringe visibility caused by the finite pixel width, the focused spot size on the CCD, and resolution limiting aberrations induced by the spectrometer optics.
To evaluate the performance of the high-speed, UHR FD-OCT system for ophthalmic applications, tomograms were acquired in vivo from the retinas of a human volunteer [ Figs. 3(a) and 3(b) ] and living rats [ Fig. 3(c) ] at a rate of 47,000 A-scans/ s. The image size is 2000ϫ 512 (A-scans ϫ pixels) for the human and 1000ϫ 512 for the rat retina. All three retinal tomograms show clear visualization of all retinal layers, as well as part of the choriocapillaris (CC). The rat retina image [ Fig. 3(c) ] shows increased penetration beyond the choriocapillaris that allows for imaging of the rat sclera (S). Similar increased visualization of human choriocapilaris has been previously demonstrated both ex vivo [9] and in vivo [12] .
All imaging procedures were carried out in accordance with the human and animal ethics protocols.
Development of high speed, UHROCT technology at 1060 nm for imaging small-animal eyes is justified and fueled by the fact that transgenic rat and mice models of various ophthalmic diseases are widely used for preclinical development of biomarkers that can be later translated to the clinic. Direct alignment between markers of disease progression and drug efficacy used in animal studies and clinical trial is a major goal of translational research.
We demonstrated for the first time to our knowledge a high-speed ͑47,000 A-scans/ s͒, ultrahigh resolution FD-OCT system operating in the 1060 nm wavelength range and its application for in vivo imaging of animal (rat) and human retina with 4.5 m and 5.7 m axial resolution, respectively. Retinal imaging at 1060 nm provides the dual advantage of better visualization of the choroid and the potential for in vivo simultaneous imaging of retinal morphology and function.
